INTRODUCTION
Harbor porpoises Phocoena phocoena are found year-round in inland and coastal waters in the Pacific Northwest of the USA (Calambokidis et al. 1987 , nia/ Southern Oregon (Chivers et al. 2007 , Carretta et al. 2014 . The most recent abundance estimates from coastal surveys conducted in 2010 and 2011 by Forney et al. (2013) are 21 487 harbor porpoises in the Northern Oregon/Washington Coast stock and 35 769 in the Northern California/Southern Oregon stock. The Washington Inland Waters population was estimated at 10 682 when last surveyed in 2002/2003 . Although relatively abundant in regional waters, much of what is known about harbor porpoises in the Pacific Northwest comes from stranded animals, which represent only a small fraction of the true mortality even among nearshore species (Moore & Read 2008 , Williams et al. 2011 .
Harbor porpoises are historically the most frequently stranded cetacean in the Northwest region of the USA (Norman et al. 2004a ). Prior to 2006, the maximum annual number of harbor porpoise strandings recorded in Washington and Oregon was 34 in 2003 (Norman et al. 2004b, NOAA Fisheries unpubl. data) . A dramatic increase in stranding frequency in 2006 compared to previous years prompted the declaration of an unusual mortality event (UME) by the National Marine Fisheries Service (NMFS) to facilitate the coordination of response and investigative efforts. The UME, declared in November 2006 and closed in July 2008, included all harbor porpoise strandings that occurred during 2006 and 2007 in Washington and Oregon. Here we provide the details and results of the multidisciplinary and collaborative investigation into this event, aimed at evaluating potential factors contributing to the increase in strandings (environmental, anthropogenic, and disease) and compare some of these to the years immediately surrounding the event.
MATERIALS AND METHODS
Because the official UME declaration was not made until well into the event (November 2006) , the level of carcass examination for the majority of 2006 varied widely, depending on the experience of the responder, resources available, research goals and objectives, and carcass condition or location. At a minimum, Level A data, which include stranding date, species, location, carcass condition, age class, sex, length, weight, evidence of human interaction, and ultimate disposition of the carcass, were collected from all stranded animals (data used for this paper were current as of June 2012). Some of these values were estimated, particularly for cases in which a stranding was reported but there was no examination. After the UME was officially declared, a more concerted effort was made to quickly respond to all reported harbor porpoise strandings to recover carcasses for necropsy. Systematic gross necropsies were conducted on fresh animals whenever possible, and partial necropsies were conducted on carcasses that were moderately decomposed or moderately scavenged. Minimal samples (for genetics and life history) were collected from animals that were se verely scavenged or in an advanced state of decomposition.
Sampling protocols differed slightly by stranding response group, but generally included frozen and histology samples of all major organs, with additional sampling of lesions observed on gross exam for ancillary studies. Frozen and formalin-fixed tissues collected for diagnostics were primarily submitted to the Animal Health Centre (British Columbia Ministry of Agriculture and Food) in Abbotsford, British Columbia, Canada, although a small number of Oregon cases (n = 3) were sent to the Oregon State University Veterinary Diagnostic Laboratory (Corvallis, Oregon). Stomachs were routinely collected intact for prey analysis at the National Marine Mammal Laboratory (Seattle, Washington) and Portland State University (Portland, Oregon). When available, feces and urine were sampled for biotoxin (domoic acid and saxitoxin) analysis at the NMFS biotoxin lab (Seattle, Washington). Algal toxins were quantified in extracts using the antibody-based enzyme-linked immunosorbent assay, as described by Lefebvre et al. (2010) . Skin samples were submitted to Southwest Fisheries Science Center (La Jolla, California) to support ongoing genetic studies, and duplicate genetic samples were archived by the collecting organization. When appropriate or warranted by diagnostic findings, additional samples were sent from individual cases to the National Institutes of Health (Bethesda, Maryland), the Centers for Disease Control (Atlanta, Georgia), and the Washington Department of Agriculture (Olympia, Washington). Blubber, muscle, kidney, and liver samples were archived for future chemical contaminant analyses.
In addition to general histopathology, polymerase chain reaction (PCR) and bacteriology were conducted on collected tissues, and heavy metal, trace mineral, and vitamin A analyses were completed on liver samples. Pooled tissues (brain, lymph node, spleen, and lung) were screened by PCR for morbilliviruses and Brucella spp. (using primers in Krafft et al. 1995 and Bricker et al. 2000, respectively) . In those cases with evidence of protozoal parasitism, characterized by either non-suppurative and occasion -ally necrotizing meningoencephalitis or parasitemia, follow-up im mu nohistochemistry of the brain for Toxoplasma gondii, Sarcocystis neurona, or Neospora caninum, and PCR of pooled tissues to screen for Apicomplexa, were undertaken using the methods described by Gibson et al. (2011) . Bacterial cultures and antibio grams of Enterococcus spp. or Esch erichia coli were regularly conducted on lung, spleen, lymph nodes, brain, small intestine, and colon. Ancillary cultures were undertaken as needed based on gross observations. Liver samples were analyzed for vitamin A, cadmium, calcium, copper, iron, lead, manganese, mercury, selenium, and zinc. In select cases, aspirated vitreous or aqueous humor was collected and submitted for blood urea nitrogen, calcium, and phosphorus level determination.
Spatio-temporal clustering tests were used to assess spatial and temporal patterns of strandings on global and local scales; results of these tests were reported by Norman et al. (2012) . The SaTScan (version 7.0) analysis described by Norman et al. (2012) was re-run for this study with cause of death in cluded, to test whether a cause of death was randomly distributed along the coastline or inland waters where harbor porpoise carcasses were recovered.
Age class was standardized by length into 3 categories (adult, sub adult, and calf) using the ranges for known-age animals collected in Washington waters by Gearin et al. (1994) . Primary and secondary causes of death (COD) were assigned according to the morphological diagnosis, severity, ex tent, and duration of the disease process. These data were provided by a veterinary pathologist, the gross examiner, or in consultation with both parties. Findings were resolved into 13 categories: (1) Accident/ Trau ma, with no evi-dence of human interaction; (2) Fishery Interaction, confir med; (3) Fishe ry Inter action, suspected; (4) Infection/Inflammation; (5) Nutritional; (6) Congenital; (7) Euthanasia; (8) Metabolic; (9) Neo plastic; (10) Undetermined; (11) Live/ released; (12) Not Examined; (13) Unknown.
RESULTS
In 2006, a total of 64 stranded harbor porpoises were reported throughout the region, a marked increase over previous years (1990−2005, mean = 15 .8 strandings yr −1 , SD = 9.6; Fig. 1 ). Another 50 harbor porpoises were reported and confirmed in 2007, for a total of 114 strandings throughout the region during the 2 yr UME period (Figs. 1 & 2) . The increase did not appear to extend into the surrounding regions of British Columbia and northern California, which reported no significant changes in stranding occurrence in 2006 and 2007 (DFO Pacific Region Marine Mammal Response Program Database unpubl. data, J. Greenman pers. comm.).
The 114 harbor porpoise strandings during the UME included 7 live-stranded animals: 4 were immediately released by private citizens, 2 were euthanized by stranding network members, and 1 died during the stranding event, resulting in a total of 110 dead porpoises. Most of these were fresh dead (51%, n = 56) or moderately decomposed (32% n = 35); 11% (n = 12) were in an advanced state of decomposition, 5% (n = 6) were mummified or skeleton only, and a single animal was of unknown condition (1%). Of the 110 dead porpoises, 95 were examined by stranding responders: 14 (15%) were external examinations only, 6 (6%) were external exams with minimal sampling, 17 (18%) were partial internal exams of scavenged or decomposed carcasses with some samples collected, and 58 (61%) were complete internal examinations with extensive sampling. Harbor porpoise strandings occurred in all seasons and geographic subareas within the Northwest region and included animals of all age classes and both sexes. Strandings were comprised of 37 females (32.5%), 48 males (42.1%), and 29 of unknown gender (25.4%). All age classes were represented (Table  1) , with 34 adults (29.8%), 36 subadults (31.6%), 41 calves (36.0%), and 3 unknown (2.6%). There was a higher proportion of calves during the UME (36%) compared to prior years (24%), most of which occurred during the summer, but the difference was not significant (χ 2 , p = 0.634). Stranded porpoises were found throughout the year, but the majority of stranded animals (51.8%, n = 59) were recovered during the summer months (June to August), followed by nearly equal numbers in the spring (March to May, 20.2%, n = 23) and fall (September to November, 18.4%, n = 21), and the fewest during the winter (December to February, 9.6%, n = 11, Fig. 3 ). In the years prior to UME, peak numbers of strandings occurred in both the spring and the summer, with fewer animals in the fall and winter (Norman et al. 2004a ), but this seasonal difference between UME and pre-UME years was not significant (χ 2 , p = 0.108). The proportion of strandings were equally split among 3 main geographic regions (Washington inland waters, the Washington outer coast, and the Oregon coast) during the UME (36.8%, n = 42; 33.3%, n = 38; and 29.8%, n = 34, respectively; Fig. 4 ). This is a highly significant change (χ 2 , p = 0.000) over pre-UME years, during which the majority of animals stranded on the Oregon coast (47%) and in Washington inland waters (40%), and few strandings were recorded on the Washington outer coast (13%).
COD
Harbor porpoise mortalities during the UME were attributed to a number of different primary and secondary causes (Table 2) , although many cases (47 primary and 64 secondary) were classified as 'Undetermined' due to lack of significant findings or poor (pre-UME:1990 (pre-UME: −2005 and during the UME (2006−2007) . Actual numbers of strandings (n) are shown above bars carcass condition (autolysis or scavenging). Of these, 38 had no major findings in either the primary or secondary COD, so were considered 'Undetermined' for both primary and secondary COD. There were secondary findings in 9 of the cases for which primary COD was 'Undetermined'; these findings would presumably have contributed in some degree to morbidity and possibly mortality of the animals. There were 5 cases for which stranding and necropsy reports could not be located and were therefore categorized as unknown.
Of the 57 cases for which primary and/or secondary COD could be determined, infectious disease and trauma were the most commonly diagnosed conditions. Traumatic injuries were found in 30 animals (39% of primary COD and 14% of secondary COD); 20 of these did not have evidence of human interaction and included cases of asphyxiation on large fish, interspecific trauma, subcutaneous hemorrhage attributed to agonal death, and in neonates, dystocia. Fishery-related human interaction was confirmed as primary COD in 7 porpoises; 2 of these animals had fishery interaction as secondary COD as well. In both of these cases, the primary COD was due to trauma inflicted by the fishermen during the attempt to free the live animal from the net (gaff wounds and tailstock amputation). In 3 other cases, fishery interaction was suspected but could not be confirmed due to carcass condition. Mortality was attributed to infection/inflammation (localized infections or septicemia) in 33 cases (33% of primary COD and 25% of secondary COD), 15 of which involved respiratory disease. Conditions in this category were attributed to a variety of pathogens (see below). There were 5 emaciated animals and in 2 of these cases, the absence of underlying pathology suggested a lack of available prey. There were 5 cases of presumptive dystocia, 2 porpoises that were euthanized, and in dividual cases of neoplasia and me tabolic derangement (hypoglycemia).
Infectious disease
Several infectious disease agents were identified among the examined animals, with varying contributions to mortality. In 17 porpoises, PCR was positive for Apicomplexa, and followup gene sequencing and speciation was conducted at the National Institutes of Health (Gibson et al. 2011 , Table 3 ). Protozoal infection was considered primary cause of death in 3 cases and a contributing factor in 5 others during the UME; significant protozoal lesions were most frequently found in the brain (meningoencephalitis) and heart (myocarditis) in these animals. Interestingly, 2 cases of Neospora spp. in fection were also The animals in these 2 cases also had fishery interaction as primary COD, so they are omitted from the total number of cases for this category b
The total number of cases represents those for which both primary and secondary COD were undetermined c Stranding and necropsy reports could not be located for these individuals; they were therefore categorized as unknown Respiratory illness was a common finding among examined animals and in 15 cases was severe enough to have contributed significantly to mortality. Most of these (n = 10) were related to common parasitic, bacterial, and viral infections. The fungus Cryptococcus gattii was recovered from 6 individuals, including a case of transplacental cryptococcosis (Norman et al. 2011) . C. gattii emerged in the Pacific Northwest in 1999 on Vancouver Island, British Columbia, and by 2004 had spread to mainland British Columbia, affecting humans and terrestrial and aquatic animals (Stephen et al. 2002 , Datta et al. 2009 ). The first case of C. gattii in harbor porpoises in Washington State occurred in 2002 (S. Raverty unpubl. data). During the UME, 4 of the 5 Cryptococcus-positive adults were female, and all 5 adults were recovered from Washington inland waters. Infections in all cases in which this fungus was detected were sufficiently severe to have caused the death of the animal.
No Brucella spp. or morbilliviruses were detected by PCR in any of the screened tissue samples (n = 61); however, Brucella sp. was detected in 1 individual and suspected in another based on serology results (buffered plate antigen test and card test).
The frequencies of bacteria found in sampled tissues are presented in Table 4 . Not all tissues yielded microbial growth; decomposition, prolonged freezing, and overgrowth with Proteus spp. hampered recovery. Thirty-four bacterial isolates were recovered from 57 of 75 necropsied animals, with the most common being Escherichia coli, Edwardsiella tarda, Enterococcus spp., Pseudomonas putida, and Shewanella putrefaciens. Although most of the bacteria recovered are considered normal flora, post mortem invaders, or secondary opportunists, significant bacterial infections were found in 7 cases and involved the following isolates: E. coli, Pseudomonas fluorescens, Salmonella typhimurium, Staphylococcus aureus, Vibrio alginolyticus, V. cholerae, V. parahaemolyticus, and Yersina pseudotuberculosis.
Toxicology
Metal and trace mineral values were compared to established in-house reference limits (Table 5 ). Mean levels for stranded porpoises were within normal values for all analytes measured with the exception of selenium. Individual animal levels above normal ranges were detected in stranded porpoises for calcium, copper, mercury, manganese, selenium, and zinc; however, none were considered clinically significant. Individual levels that were detected below normal ranges included calcium, magnesium, and manganese. There was variation in derived vitamin A levels, which may reflect dietary deficiency associ- Table 3 . Organisms found by PCR in harbor porpoises Phocoena phocoena stranded during the unusual mortality event, the tissues from which the organism was amplified, and the relation to cause of death (COD); NA: not assessed ated with inappetence or emaciation, post mortem degradation, and other factors (Rolland 2000) .
Food habits and biotoxins
Prey remains (or milk) were found in 17 of 41 examined stomachs. No unusual prey items were found, and contents did not reflect any change in food habits compared to previous studies (Gearin et al. 1994 , Walker et al. 1998 . Biotoxin (domoic acid and saxitoxin) test results were below detectable limits for all available urine and fecal samples (n = 16 and 24, respectively).
Spatial analysis
SaTScan analysis, adjusting for cause of death, revealed a significant spatio-temporal cluster of 6 strandings in a 25 km area in the eastern end of the Strait of Juan de Fuca in northwestern Washington (p = 0.0024, centered at 48.138°N, 123.403°W, Fig. 5 ). Cause of death in 50% (n = 3) of the stranded animals in this cluster indicated some degree of respiratory illness (verminous pneumonia, C. gattii infection, pneumonia due to S. aureus).
Post-UME monitoring
Mortalities in early 2008 appeared to have returned to levels more closely resembling years prior to the UME. However, in mid-2008, harbor porpoise strandings increased again, and by the end of the year, the total number of strandings was equal to that of 2007 (n = 50). Continued monitoring of, and response to, reported porpoise strandings over the following 4 yr showed an increase in stranding occurrence after the UME, with 66 strandings in 2009, 56 in 2010, and 91 in 2011 ( Fig. 1) . Stranding patterns and causes of death during the post-UME period were found to be similar to those that occurred during the UME. Where COD could be determined (n = 91), traumatic injuries (various etiologies) and infectious disease (multiple sources) each accounted for 43% of the mortalities in post-UME porpoises.
DISCUSSION
The UME appears to stem from broader factors than a single disease outbreak or localized incident because there was no single or combination of pathologic findings that accounted for the increased strandings, despite the relatively large proportion of animals with undetermined primary and secondary diagnoses. This finding was supported by the lack of local clustering in the spatial analysis, which suggests that the strandings were the result of more varied etiologies instead of localized causes (Norman et al. 2012) . Causes of mortality in this case series are similar to those documented with ongoing passive surveillance of animals recovered within the Pacific Northwest (S. Raverty unpubl. data) and those that were identified in a subset of animals collected and examined as part of the 2003 USS 'Shoup' midfrequency sonar investigation (Norman et al. 2004b ). Cause of death could only be determined for 5 of 11 porpoises examined as part of that investigation; 2 were attributed to traumatic injury and the remaining 3 were the result of infectious disease processes (salmonellosis, pneumonia, and peritonitis). Although a large number of animals had primary or secondary diagnoses of infection or inflammation during the UME (nearly half of these due to respiratory illnesses), this proportion would be anticipated with wild stranded individuals and has been observed in stranded porpoises in other regions (Baker & Martin 1992 , Siebert et al. 2001 , Jauniaux et al. 2002 , Bogomolni et al. 2010 , Wright et al. 2013 ). The spatio-temporal cluster of mortality involving respiratory disease in the eastern end of the Strait of Juan de Fuca is interesting and may have been a consequence of local factors, such as increased exposure to respiratory diseases or increased harbor porpoise susceptibility in this particular area. The findings of Cryptococcus gatti and protozoal infections in harbor porpoises are of interest, but due to the relatively small proportion of individual animals affected, they are not considered significant contributors to the UME. Additionally, the elevated number of harbor porpoise strandings documented during and after the UME is unlikely to be related to shifts in ocean temperatures, as these strandings occurred during both warm and cool ocean phases which were reflected in the sea surface temperatures analyzed from a NOAA weather buoy off Newport, Oregon, by Peterson et al. (2012) .
The increase in observed mortalities documented during the UME and post-UME periods is likely the result of a combination of increased reporting/investigation of strandings and increased abundance of harbor porpoises, although the degree to which these factors played a role vary by region. Increased reporting associated with heightened response effort and public awareness beginning in the early 2000s (supported by funding from the John H. Prescott Marine Mammal Rescue Assistance Grant Program) was an important factor on the Washington outer coast, where many areas are remote and thus subject to underreporting (Norman et al. 2004a ). Once the UME was declared, additional efforts were made to encourage reporting and to investigate harbor porpoise strandings, which continued after the closure of the UME. In contrast, increased reporting is less likely to have been as important in Washington inland waters, where highly populated coastlines and more visible stranding response organizations have resulted in more consistent detection and reporting of carcasses (Norman et al. 2004b ). While harbor porpoise populations appear to have increased throughout our study region, the most dramatic increase has occurred in the inland waters of Washington State (Strait of Juan de Fuca and San Juan Islands), where harbor porpoise abundance is estimated to have grown from 3506 in 1996 to 10 682 in 2002−2003 based on Calambokidis et al. 1997 ). More recent abundance data are not currently available for this region, but this trend appears to have continued and extended into the greater Puget Sound area (Cascadia Research unpubl. data), where harbor porpoises were once abundant (Scheffer & Slipp 1948) but had essentially vanished by the 1970s (Everitt et al. 1979 , Osborne et al. 1988 ). Abundance off the Oregon− Washington coasts does not appear to have undergone a dramatic change. Although there were some minor variations in survey methods and areas, 3 survey periods from 1997 to 2011 all yielded abundance estimates in the range 15 000−22 000 for the northern Oregon−Washington stock (Laake et al. 1998 , Forney et al. 2013 , Carretta et al. 2014 . If this population has been near carrying capacity, it could have contributed to the dramatic increase observed in inland waters. We conclude the harbor porpoise UME and continued increased numbers of strandings are due to changes in the harbor porpoise population coupled with improved reporting, and not the result of a major mortality event. This is supported by evidence that harbor porpoise strandings are continuing at rates similar to, or higher than, those recorded during the UME. No clear spatial and temporal pattern, nor common postmortem trends were observed for the UME. The higher levels of harbor porpoise strandings that prompted the declaration of the UME appear to be, in fact, normal. This conclusion was made possible by the multidisciplinary investigative efforts of the stranding network both during and after the event closure. 
